Use of bioenergy can contribute to greenhouse gas emission reductions and increased energy security. However, even though biomass is a renewable resource, the potential is limited, and efficient use of available biomass resources will become increasingly important. This paper aims to explore system interactions related to future bioenergy utilization and cost-efficient bioenergy technology choices under stringent CO 2 constraints. In particular, the study investigates system effects linked to integration of advanced biofuel production with district heating and industry under different developments in the electricity sector and biomass supply system. The study is based on analysis with the MARKAL_Sweden model, which is a bottom-up, cost-optimization model covering the Swedish energy system. A time horizon to 2050 is applied. The results suggest that system integration of biofuel production has noteworthy effects on the overall system level, improves system cost-efficiency and influences parameters such as biomass price, marginal CO 2 emission reduction costs and cost-efficient biofuel choices in the transport sector. In the long run and under stringent CO 2 constraints, system integration of biofuel production has, however, low impact on total bioenergy use, which is largely decided by supply-related constraints, and on total transport biofuel use, which to large extent is driven by demand.
Introduction
An increased share of renewable energy in the energy system is critical to mitigate climate change as well as to handle other energy-related environmental challenges. For many countries and regions, renewable energy is also a way to improve energy security of supply through a more diversified energy mix and less reliance on imported energy carriers. Bioenergy is currently the largest source of renewable energy [21] , and a further future increase in bioenergy demand is likely with increasingly ambitious climate and energy security targets. But even though biomass is a renewable resource, the annual potential is limited due to land scarcity. Efficient use of available biomass resources will thus be increasingly important.
Several potential future technologies, currently at the stage of research and development or early commercialization, have the ability to significantly increase the value and efficiency of bioenergy utilization. Advanced biorefineries based on conversion of lignocellulosic biomass to high value energy carriers such as transport fuels could be one key option. In contrast to first-generation biofuels, which primarily are based on traditional food crops, second-generation biofuels can be based on by-products from forestry and high yield energy crop alternatives, such as energy forest. Since secondgeneration biofuel production processes often have a relatively large net surplus of heat, integration with heat demands in district heating systems and/or existing industry can further increase the system efficiency and lower the costs (see e.g. Refs. [1, 25] ).
New advanced biorefinery technologies are linked to substantial development and capital costs. Further, integration of newly developed technologies in, e.g., industrial applications could imply risks for commercial activities. As a consequence, few actors are willing to take on necessary investments unless policies are in place ensuring long-term societal commitment for environmental targets and related initiatives. In turn, policymakers are in need of decision support for creation of long-term strategies leading in a beneficial direction for society. In addition to detailed technology assessments (e.g., on plant level), system analyses of potential technology options and identification of future cost-efficient technology pathways are therefore essential to enable future environmental and societal challenges to be met. While such studies involve broad approaches and aggregated views of the system, the risk of oversimplification of the representation of the underlying technological solutions must be carefully considered.
While it has been shown that the stringency of carbon targets is a significant determinant for future bioenergy utilization (e.g., Ref. [8] ), the cost-effectiveness of different types of bioenergy utilization is likely to also depend on several other factors in the surrounding system. Factors of importance can be both of a direct and indirect character. For instance, changes in biomass supply and development of new bioenergy technologies may have a direct effect on the future bioenergy utilization, but also the development of competing non-bioenergy based technologies can have significant impacts. Through effects on biomass markets, seemingly unlinked developments in other parts of the energy system can give rise to system impacts over sector boundaries. The system dynamics are complex, and different factors can amplify as well as offset each other depending on the specific system situation and direction of change.
This paper aims to explore system interactions related to future bioenergy utilization and robust cost-efficient bioenergy technology strategies for the case of Sweden. Specifically, the study investigates possibilities for increased bioenergy conversion efficiencies through integration of advanced biofuel 1 production with district heating or industrial systems, and system effects of different developments in the electricity sector and biomass supply system. The main questions of investigation are:
Under stringent CO 2 constraints, how can integration of secondgeneration biofuel production with existing industry or district heating systems influence future cost-efficient biomass utilization? To what degree is the biomass supply potential a critical determinant for cost-efficient biomass utilization in the medium to long term? How do large transitions in the electricity sector linked to nonbiomass low-carbon electricity supply (e.g., nuclear power) and demand for electricity (e.g., through electricity export) impact cost-efficient biomass utilization?
The study is based on an energy system modeling approach applying a comprehensive view of the Swedish energy system and a long-term time horizon to 2050. It builds upon earlier work focused on the bioenergy system effects of CO 2 and fossil fuel reduction [8] .
Broad, bottom-up energy system modeling studies, e.g., on national or global level, such as Refs. [7, 8, 16, 28, 35] ; often have a comparably large selection of different types of energy technologies represented. However, while there are exceptions, focus is often put on stand-alone plants rather than integrated solutions with possibilities of higher system efficiencies. Further, much attention is often given to a relatively low number of future scenarios, which under certain conditions may be optimal from a cost perspective, but from other aspects (e.g., social, political, industry strategy-wise) might be unlikely. As previously highlighted (see e.g., Refs. [36, 37, 5, 6] ), it is of importance to utilize models not only to establish single optimal solutions but through parameter variations and broader set of assumptions analyze lessons to be learned of the dynamics of the studied systems and of alternative, "nearoptimal" system developments.
In contrast to system studies at higher geographical scale, studies at a lower system level (plant level, etc.) could to a higher degree go into technological details regarding advanced biorefineries and integration opportunities with other energy conversion systems, e.g., in industries, examples include Refs. [1, 10, 12, 22] . However, such studies tend to have a strong dependence of exogenous scenario assumptions regarding, e.g., energy prices and marginal effects and they lack ability to capture system effects and interactions linked to biomass use at a higher system level.
This study seeks to bridge the gap between, on the one hand, high system level studies with lack of technological detail in regard to future options for advanced biomass use and, on the other hand, lower system level studies with simplified treatment of the dynamics of the surrounding system development.
Method and data
In the following sections, the model-based analysis approach and relevant input data are presented. Section 2.1 provides a brief description of the model; Section 2.2 presents the analysis approach applied as well as definition of model cases and scenario assumptions; Sections 2.3 presents technology data assumptions of special relevance for the study.
Model
The study is based on analysis with the MARKAL_Sweden energy system model. MARKAL_Sweden is an application of the wellestablished MARKAL model [26] and can be described as a dynamic, bottom-up, partial equilibrium energy system model. Through optimization, the model provides the overall welfare-maximizing system solution that meets the defined model constraints over the studied time horizon. Welfare-maximization implies that the cost of energy service supply and costs due to losses in consumer surplus are minimized. An important aspect is the models ability to invest in new technology capacity among the defined current and future technology options, if this lowers the overall system cost. Among other aspects, model constraints include energy service demands, emission restrictions and capacity constraints in supply and conversion technologies. Different versions of the MARKAL_Sweden model have been used in several earlier studies. The most recent, which the current study builds upon and from which additional model descriptions (and results) can be obtained, are Refs. [7, 8] .
MARKAL_Sweden applies a long-term time horizon reaching from 1995 to 2050. 2 The time horizon is divided in 5-year model periods, each represented by a model year (1995, 2000, …, 2050) . Time resolution per model year differs between energy carriers: electricity is represented by three seasonal and two diurnal periods, heat is represented by three seasonal periods, and other energy carriers are represented on an annual basis. The model applies perfect foresight (no uncertainty of future developments) and, in the current study, a discount rate of 6% is applied.
The model applies a comprehensive view of the Swedish energy system and describes all relevant sectors including electricity, district heating, industry, transport, premises and services. The system is represented as a network of energy technologies and flows of energy carriers, covering fuel extraction and import, via energy conversion technologies and distribution systems to end-use energy demands, such as for transportation, space heat and industrial process heat. Technological learning is treated exogenously in the model, i.e., enhancement in technological features or lowering of technology costs are for relevant technologies assumed as a function of time.
Technology input data to the model include technology properties such as current capacities, investment costs, operation costs and conversion efficiencies for energy technologies in all parts of the national energy system. Reference projections for end-use energy service demands are inputs to the model, but own-price elasticity is applied for end-use demands making the resulting final demand levels scenario dependent (see also Ref. [8] ). Input data also include prices for imported energy carriers and extraction costs and potentials for domestic energy resources, such as biomass.
Analysis approach and scenario assumptions
We study a selection of diverging developments of potentially critical factors for future bioenergy utilization. The identified factors are linked to options for increased bioenergy system efficiency through system integration of second-generation biofuel production (2.2.1), biomass supply (2.2.2) and transitions in the electricity system (2.2.3). For each factor, we define two contrasting developments, which we test in different combinations in multiple model runs (2.2.4). For transparency in analysis and results, a clearcut division between the alternative developments are applied ("yes" or "no"), while acknowledging that a middle way development could be more likely in some cases. For each model case, we study the effects on relevant result parameters with focus on: total biomass utilization, production/use of biofuels, production of biomass-based electricity, and shadow prices (marginal costs) for biomass and CO 2 .
Apart from the strategy directions captured in the different model cases, all model cases apply the same policy situation, which for transparency reasons is greatly stylized compared to the flora of energy taxes and subsidies present in Sweden today. In the model, energy policies are principally limited to a CO 2 emission cap, which forces the CO 2 emissions in the Swedish energy system to be reduced by 80% from 1990 levels by 2050. The emission cap is gradually decreased from 2015 to 2050 in a linear manner. It is applied on the modeled system as a whole and no sector-specific emission restrictions are applied.
Assumptions on fossil fuel import prices are kept the same across all modeled cases, see Table 1 . Since a national model is used, and Sweden has no domestic fossil fuel resources, fossil fuel prices are handled exogenously as inputs to the model. The availability of fossil fuels is considered "unlimited" for the studied system at the assumed market prices. However, the fossil fuel use is strongly indirectly constrained by the applied CO 2 emission constraint.
Options for integrated biofuel production
Second-generation biofuel production processes often have a relatively large net surplus of heat. Integration of secondgeneration biofuel production with available heat demands could therefore improve the total system efficiency. However, such integration requires coordination and agreements between heat producers and fuel producers as well as placement of biorefineries adjacent to heat sinks, which may not always be optimal or achievable. The following contrasting development routes are therefore investigated regarding integration opportunities for second-generation biofuel production:
-HEATINT-NO: Second-generation biofuel production can only be invested in as stand-alone plants. -HEATINT-YES: Second-generation biofuel production can be invested in both with and without connection to district heating and existing industry.
Black liquor gasification in the pulp and paper industry can be considered as a special case of industry integration and is handled as a separate option. Black liquor is an intermediate by-product in chemical pulp production, and is today used for process heat and electricity generation. Gasification of the black liquor for production of transport fuel (and/or increased electricity) could be a way to make better use of the resource. The process will not only imply heat integration with the pulp mill, it is also required to regenerate cooking chemicals (see further Section 2.3.2) and will thus to a larger extent be part of the mill process than if solid biomass gasification would be heat integrated to the mill.
Even if the development of black liquor gasification technologies would be successful, it is not obvious that the pulp and paper industry would choose such investment options e conventional technologies, safety of operation and the core business focus may be the industry's main priority. We therefore model two contrasting development routes: -BLG-NO: Black liquor gasification technologies are not available as investment options. -BLG-YES: Black liquor gasification technologies are considered possible investment options and are invested in if they lead to lower system cost than the alternatives.
Both regarding stand-alone and integrated plants, a number of different potential technology configuration alternatives and transport biofuel outputs are considered in the modeling (technology alternatives and data assumptions are presented in Section 2.3).
Biomass supply transitions
The amount of biomass available for energy purposes depends on several factors such as the total amount of biomass available, the development of the energy sector as well as of industry sectors using biomass as raw material or feedstock. For a national energy system, bioenergy supply depend both on availability of domestic resources and import possibilities.
Sweden is a forest-rich country with large per-capita biomass resources. Currently, Sweden is also an importer of bioenergy with annual imports estimated to 5e9 TWh (e.g., biopellets/briquettes and ethanol) [33] . To what extent, and to what price, biomass imports will be possible in the future is uncertain and depends, among other things, on the ambitiousness for greenhouse gas emission -BIOIMP-NO: Import of bioenergy is not an option e biomass supply potential is based on estimations of domestic resources only. -BIOIMP-YES: Biomass supply potential is based on domestic estimations of resources and the assumption that bioenergy imports could increase considerably (in particular bio pellets/ briquettes, but also some amounts of ethanol and oilseeds). Table 2 summarizes assumptions on bioenergy supply used in the study (for both BIOIMP-NO and BIOIMP-YES cases). The main domestic sources for bioenergy are forestry residues, industrial byproducts and energy crops. For energy crops about 20% of the existing agricultural land in Sweden is here assumed to be available for energy crop cultivation (including energy forest). The domestic bioenergy potentials summarized in Table 2 are in the model represented with detailed supply curves, see also Ref. [8] .
Electricity system transitions
To study the effects of large transitions in the electricity sector linked to (non-biomass-based) low-carbon electricity production as well as electricity demand, we define different developments for nuclear power generation and electricity export potentials.
The future of nuclear power depends to high degree on political decisions and the public opinion. In Sweden, nuclear power currently accounts for about 40% of the power generation [33] , but whether current generation capacity will be replaced when the plants approach their technical lifetime is highly uncertain. While the Swedish ban on construction of new nuclear power has been removed [34] , the political support for such investments are still low. Two alternative developments are tested:
-NEWNUC-NO: Existing capacity of nuclear power is phased-out with start from 2025 and fully achieved by 2035. No new investments in new capacity are allowed. -NEWNUC-YES: Existing capacity is kept for its full technical lifetime and investments in new nuclear power to replace retired plants are allowed as well as a slight capacity increase.
Sweden and its Nordic neighbors are often described as a future potential exporter of electricity to continental Europe. This is, among other things, based on good conditions for renewable power generation in the region, such as hydro and wind power. Future possibilities and potentials for electricity export are, however, not obvious and depend also on the development in the importing countries. Two alternative routes are simulated:
-ELEXP-NO: No electricity export (for future years).
-ELEXP-YES: Unconstrained electricity export.
The export price of electricity is (in the same manner as fossil fuel import) handled with exogenously assumed prices, see Table 3 . Electricity prices are calculated based on variable costs of power generation from for coal power and NGCC including fuel costs and CO 2 penalty (for the international electricity sector). For each year and season, the lowest cost alternative of these two options is chosen. Fossil fuel price assumptions are according to Table 1 , and CO 2 penalties are assumed to rise from 40 EUR/ton in 2020 to 100 EUR/ton in 2035e2050 (based on CO 2 prices in the 450 scenario of [20] ).
Summary of model cases
To summarize, the analysis covers different developments of five factors with direct or indirect influence over future bioenergy use in the Swedish energy system:
(1) Second-generation biofuel production with heat integration (HEATINT); (2) Second-generation biofuel production via black liquor gasification in the pulp and paper industry (BLG); (3) Bioenergy import (BIOIMP); (4) Nuclear power generation (NEWNUC); and (5) Electricity export (ELEXP).
Under the assumption of stringent CO 2 constraints we investigate the influence of two diverging developments ("yes" or "no") for each of these five factors. To capture incremental system effects and interactions, we apply an approach with multiple model runs in which all combinations of the defined contrasting developments of the studied factors are tested. Five factors and two development paths per factor add up to a total of 32 model cases. Based on earlier published data and assumptions, see B€ orjesson et al. (in press) and references therein. Presented data apply for the entire modelled time horizon. a Potentials without brackets refer to amounts available over and above the domestic pulpwood use in the pulp and paper industry for the assumed reference demand projection, i.e. resources which could be used for energy purposes without influencing feedstock supply to pulp and paper industry. Potentials within brackets refer to the full domestic pulpwood potential. b Since energy crop alternatives compete for the same available agricultural land, 600,000 ha (about 20% of total in country), the full potentials of each energy crop alternative are not addable. However, different parts of the available agricultural land can be used for different crops. 
Technology representation
The model includes representation of a large number of energy technologies in all parts of the energy system, current energy routes as well as potential future options. In the present work, special focus is given to technologies of relevance for biomass competition. The representation of different plant configurations for second-generation biofuel production and heat integration possibilities for such plants is presented in Section 2.3.1. The model representation of the integration possibilities in the pulp and paper industry is presented separately in Section 2.3.2. An overview of the model representation of heat and power technologies, including biomass-based options, is presented in Section 2.3.3.
Stand-alone and heat-integrated biofuel production options
In addition to fossil fuel options and electricity, the model includes a number of biofuels for the transport sector: ethanol, biodiesel, biogas, methanol, DME (dimethyl ether), FT (FischerTropsch) liquids and SNG (synthetic natural gas). The transport subsectors using these fuels are represented by different end-use categories. For the road transport end-use categories (passenger cars, motorcycles, light trucks, heavy trucks and buses), the model includes a detailed representation of different vehicle technologies, including options such as hybrids, plug-in hybrids, and batterypowered electric vehicles as well as a large number of combinations of vehicle technologies and different transport fuels (see Ref. [7] ). For other transport end-use categories (aviation, shipping, and working machines), the model has a simplified representation and a limited number of biofuel options (basically limited to FT-liquids and biodiesel).
The model includes a number of possible plant configurations for biofuel production, also for the same biofuel. Plant configuration differences include different degree of heat integration with industry and district heating systems, and, where applicable, the option of generation of more than one fuel in order to maximize efficiency. Table 4 presents the biofuel production technologies available in the model (excluding black liquor gasification options, which are presented in Section 2.3.2) and main input data for these. In line with the analysis approach (outlined in Section 2.2), not all options are available in all model runs (plants with heat integration are only included options in "HEATINT-YES"-cases; stand-alone plants are included in all cases).
Pulp and paper industry and black liquor gasification
Sweden has a large pulp and paper industry, which is a major user of biomass, both for feedstock and energy purposes. The sector can be divided in two main production routes, mechanical and chemical pulping.
Black liquor is an intermediate by-product in the chemical pulping process, which accounts for a large share of the chemical pulping industry's energy use. Today, the black liquor is combusted in the so-called recovery boiler of the mill for production of process Table 4 Costs and energy balances for biofuel production technologies (excluding black liquor gasification-based options, see Table 5 ). heat and electricity. The recovery boiler also recovers the cooking chemicals in the black liquor required in the pulping process. Alternative technology options for future handling of the black liquor include gasification. Black liquor gasification units recover chemicals for the pulping process (as conventional recovery boilers) and gasify the black liquor into a syngas, which can be further processed into transport biofuels (or used for electricity generation). In order to represent investments within the pulp and paper industry in an appropriate way, a comparably low level of aggregation is required. In the present study, the pulp and paper industry is disaggregated into the following sub-sectors: market chemical pulping, integrated chemical pulping, market mechanical pulping, integrated mechanical pulping, and paper production.
In each subsector, relevant energy conversion technologies are represented (both current and potential investment options). The disaggregation allows more accurate technology representation since different technologies are relevant for different parts of the sector. Fig. 1 presents a (simplified) overview of the chemical pulping sector representation in the model with investment options for biofuel production indicated. The end-use demands of the sector are divided in energy (electricity, process heat and direct fuel use), pulpwood and cooking chemicals. Black liquor could be used in the conventional way in recovery boilers or, alternatively, the model can choose to invest in gasification units, which will also supply the required cooking chemicals for the pulping process. As described 
Table 5
Costs and energy balances for the main pulp and paper industry related processes in the model (for biofuel production with heat integration, see Table 4 ). earlier (Section 2.3.1), there is also the possibility of heat integration of other biofuel production technologies. A certain level of competition for pulpwood between pulp and paper industry and the energy sector is included in the model (for more information on this, see Ref. [8] ). Table 5 gives an overview of main input data for energy technologies related to the pulp and paper sector of the model.
Heat and electricity generation
MARKAL_Sweden includes a large number of technologies in the electricity and district heating sectors. Table 6 gives an overview of assumed properties of the most relevant technology options. Of special interest for the study are biomass-based options and nuclear power. In addition to conventional biomass-fueled power and CHP (combined heat and power) generation based on steam turbine cycle, biomass gasification-based options are also included. As pointed out in Section 2.2.3, investment of new nuclear power capacity is not an option in all model cases (only in NEWNUC-YES cases).
Results
In the following sections, the results generated by the model are presented. The effects on future bioenergy utilization from integrated biofuel production, electricity system transitions and biomass imports are here looked upon from different perspectives; in Section 3.1, from an overall system perspective; in Section 3.2, from a transport sector perspective; and in Section 3.3 from an electricity sector perspective. Further, Section 3.4 presents resulting developments of biomass prices and marginal costs of CO 2 emission reductions. Section 3.5 summarizes and gives an overview of the effects on main result parameters from the various input data variations captured in the modeled cases.
Overall bioenergy utilization
The model results show a significant increase in biomass use for energy purposes under the studied time horizon for all modeled cases. This is expected considering the stringent CO 2 constraint applied. Fig. 2 presents biomass use for heat, electricity and transport fuel production in (a) 2035 and (b) 2050. For cases without the possibility of bioenergy import (BIOIMP-NO), the total bioenergy use increases with 50e56% to model year 2035 and 71e75% to model year 2050 compared to year 2010. The total bioenergy use varies between cases in a small range, and the utilization is for all cases close to the full bioenergy potential (as defined in Table 2 ). When bioenergy import is allowed (BIOIMP-YES), this option is to large extent utilized, in particular in the later part of the studied period when the demand for low-carbon options is high. The increase in total bioenergy use for BIOIMP-YES cases is 50e75% to 2035 and 106e110% to 2050 compared to 2010.
In model year 2035, conventional bioenergy technologies for heat-only production and CHP generation account for a large share of the bioenergy use, 64e86% depending on case. First-generation biofuel production accounts for about 8e11% of total bioenergy use (to large extent organic waste used for biogas production). The share of bioenergy for production of second-generation biofuels is 4e27%. Black liquor gasification-based biofuel production shows in 2035 already significant production levels in relevant cases (BLG-YES). For cases without the option of black liquor gasification (BLG-NO), second-generation biofuel production is at this point increasing but still on comparably low levels.
In model year 2050, a significant increase in biomass use for second-generation biofuel production plants has occurred. At this point, this share corresponds to 30e48% of total bioenergy use. First-generation biofuel production is close to the levels in 2035, while more conventional use of bioenergy has decreased to a share of 43e61%.
Second-generation biofuel production with heat integration is preferred over stand-alone options, which can be observed by the shift in Fig. 2 from cases when heat integration is not an option (HEATINT-NO), to cases when it is an option (HEATINT-YES). First, heat integration with industrial process heat demands is chosen and, second, integration with district heating systems. As a consequence, the use of, in particular, industrial biomass CHP plants is lower in heat integration cases (HEATINT-YES) than in Table 6 The most relevant electricity, CHP and HOB (heat-only boiler) technologies available in model and related assumptions on cost and energy performance data. Efficiencies are based on LHV (lower heating value). Data based on Refs. [11, 12, 27, 30] . For bio-based options, investment costs have been adjusted to appropriate plant sizes using a scale factor of 0.65; specific investment cost data for Bio ST condensing, Bio IGCC condensing, bio ST CHP (large) and Bio IGCC CHP are based on a 300 MW input plant size. Presented data apply for the entire modeled time horizon.
corresponding cases without heat integration (HEATINT-NO), since part of the process heat demand then is supplied by the biofuel production plants. The impact on biomass CHP generation in district heating systems are not as clear-cut and differs between cases; on the one hand, heat integration with district heating systems reduces the "space" available in the district heating systems for CHP; on the other hand, a more efficient usage of biomass on a system level allows more biomass to be used per unit of heat produced, thus enabling a shift from heat-only boilers (HOBs) to CHP. Biomass gasification technology (incl. black liquor gasification) is not utilized for the purpose of electricity generation in any of the cases. Black liquor gasification for production of biofuels is chosen in cases in which this alternative is available (BLG-YES); this option is chosen over stand-alone plants as well as (other) heat-integrated plants. When black liquor is used for biofuel production, other alternatives are required to fill up need for process heat in the pulp and paper industry. Consequently, use of solid biomass for process heat production is higher compared to corresponding cases without black liquor gasification available (BLG-NO). Also when black liquor gasification is an option, significant other heatintegrated biofuel production occurs in 2050 (i.e., in cases with both BLG-YES and HEATINT-YES), since there is a limited amount of black liquor available. All cases show a mixture of fuel choices in the model results. Biofuel options that are used at some point during the studied time horizon include biogas, ethanol, biodiesel, SNG, methanol and FT-liquids (mainly FT-diesel). Domestic first-generation biofuel production based on cultivated crops (wheat-ethanol and rapeseed-biodiesel) is phased-out early on in the studied period (and is not seen in Fig. 3 ). In contrast, biogas based on anaerobic digestion of organic waste is used throughout the model time horizon in all cases. However, the feedstock potential is limited and maximum use from this production route is about 6e7 TWh. Imported ethanol is used in all cases allowing bioenergy import, i.e. BIOIMP-YES cases (also here, an upper ethanol import limitation of 3.4 TWh per year is applied). The main secondgeneration biofuels chosen in road transport are SNG, methanol and ethanol, but the used amounts differ significantly between cases. In order to use methane fuel (SNG and biogas) in diesel engines (rather than lower-efficiency Otto engines), a 5% addition of diesel fuel is required. Therefore, a small amount of FT-diesel is also noted in the results for model year 2050. Additionally to biofuels, electricity becomes an important low-carbon option. At the end of the studied time horizon, battery-powered vehicles and plug-in hybrids (often in combination with biofuels) are used to the maximum extent possible within the assumed model constraints. Whether integration opportunities are included or not have large significance for which biofuel options that are chosen in the model, as well as for at which point in time investments in secondgeneration biofuel production occur. SNG accounts in all cases for a significant part of the fuel supply, but faces significantly harder competition in cases with integration possibilities (HEATINT-YES and BLG-YES) than in cases without such options (HEATINT-NO and BLG-NO). SNG has a high efficiency in production, also for standalone configurations, which is the main reason for its high costcompetitiveness. Straw-based ethanol is used in almost all cases; however, the straw potential is limited and the option therefore only accounts for a minor share (about 1.5 TWh).
Transport sector
Heat-integration possibilities (HEATINT-YES) increase the competitiveness of wood-based second-generation ethanol. Plants with combined production of ethanol, biogas and heat has a high total efficiency and, in these cases, ethanol (and electricity) is the preferred choice in the passenger car sector while heavy traffic primarily use SNG (for long haul, in liquefied form).
For cases with black liquor gasification (BLG-YES), the first larger investments in second-generation biofuel production occur in model year 2025, which is 10 years (two model periods) earlier than in corresponding cases without black liquor gasification possibilities. In the model, methanol is the preferred option for biofuel production based on black liquor gasification. In cases when both heat integration and black liquor gasification is allowed (HEATINT-YES þ BLG-YES), production routes for wood-based ethanol face harder competition than in corresponding cases without black liquor gasification options available (HEATINT-YES þ BLG-NO), and the use of this option is smaller.
Electricity sector
Sweden has currently an electricity generation, which is essentially free from fossil fuels; about half of the generation is based on hydro power and the other half is based on nuclear power. CHP and wind power account for small, but increasing shares [33] . Fig. 4 presents model results for the electricity generation in model years (a) 2035 and (b) 2050. The situation of today with large shares of hydro and nuclear is to high degree kept also in the long run for cases in which investments in new nuclear power is allowed after the existing capacity has been retired (NEWNUC-YES). However, a significant increase in wind power for cases in which unlimited electricity export is allowed is observed (ELEXP-YES). A phase-out of nuclear power (NEWNUC-NO) is, in the model results, primarily met by increased wind power generation, increased end-use efficiency, and low (or no) electricity export.
Bio-based power production ranges between 8 and 24 TWh in 2050, i.e., it accounts for a comparably small share of the total electricity generation. On average, cases without bioenergy import (BIO-IMP-NO) show a small decline from 2035 to 2050 (about À2 TWh), while cases with bioenergy import (BIOIMP-YES) show a small increase (about þ1 TWh). In addition to biomass import, electricity export is a factor that, in 2035, increases the cost-efficient level of biomass-based power generation in the results. In contrast, the possibility of new nuclear power gives a negative effect. Integration possibilities for biofuel production do not have a clear-cut impact and results differ between cases; basically, there is a small positive effect on power generation from CHP in district heating systems while a small negative effect on generation from CHP in industry. The availability of, and level of competition for, biomass is of significance for cost-competitiveness of biomass-based power. As indicated, there is an increasing competition for bioenergy under the studied time horizon as an increasing share of the available biomass potential instead gets allocated to production of biofuels. The reason for this is essentially that the electricity sector has better possibilities for cost-competitive non-biomass low-carbon options than the transport sector.
Shadow prices e biomass and CO 2
In the model optimization, shadow prices are generated for constrained variables. The shadow price indicates the marginal value (marginal utility or marginal cost) of a commodity from a system perspective, and can basically be thought of as a proxy for a market price. Figs. 5 and 6 present the shadow prices for woodbiomass (unrefined) usable for energy purposes and the shadow prices for CO 2 emissions respectively. For the case of CO 2 emissions, the interpretation of the shadow price could be the price of an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31 emission permit in a cap-and-trade system or the required CO 2 tax (or fuel tax) to reach the assumed emission reductions. Results are given both as cost per ton of CO 2 emissions and as cost per unit of gasoline equivalent. As a result of more stringent CO 2 constraints and increasing demand levels, the biomass and CO 2 shadow prices both increase significantly during the studied period for all modeled cases. In particular, very high prices are reached in cases when nuclear investments and bioenergy imports are not allowed. Possibilities for electricity export also push prices in an upward direction. In the long run (2050), biofuel production integration (HEATINT-YES and BLG-YES) has a downward effect on the shadow 600   800   1000   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31 prices. The effect is larger for CO 2 than for biomass and is also larger for black liquor gasification integration (BLG-YES) than for heat integration (HEATINT-YES). However, in comparison with the total increase seen over the studied time horizon due to the CO 2 reduction constraint, the effects induced by the integration options on CO 2 and biomass shadow prices are relatively modest.
3.5. Factor impacts e summary Fig. 7 summarizes the results and presents the relative impact of the five studied factors (heat integration, black liquor gasification, biomass import, new nuclear power generation, and electricity export) on the main result parameters: total bioenergy utilization (TOT BIO), total biofuel use (BIOFUEL), biomass-based power production (BIO POWER), wood-biomass shadow price (BIO PRICE), and CO 2 shadow price (CO 2 PRICE) as percentage change when each respective factor is "activated", i.e., when going from the "No"-cases to the "Yes"-cases. For each factor, 16 results are obtained with different combinations of conditions regarding the other four factors. Thus a range is presented (with the highest, lowest and average change indicated for each factor and result parameter), which clarifies the direction and size of system effects (within as well as across sector boundaries) as well as robustness of results in regard to the tested alternative developments (a small range indicates robust results).
The effects observed in Fig. 7 have in many aspects been touched upon in earlier sections, but a few things could be further pointed out. Effects on bio-based power generation stand out for some factors (BIOIMP, ELEXP and NEWNUC) with large percentage changes. Further, in the long term (2050), the only factor affecting total bioenergy use to any significant degree is change in supply of biomass (BIOIMP). Also in regard to total biofuel use, the percentage change in the long run is small between "Yes"-and "No"-cases. Biomass and CO 2 emissions valuation are affected to a somewhat higher degree.
Discussion and conclusions
In this study, system interactions linked to future bioenergy utilization and cost-efficient bioenergy technology strategies are studied. Special focus is put on opportunities for system integration of second-generation biofuel production with industry and district heating, system effects of large transitions in the electricity system, and influence of different levels of biomass supply.
The analysis is based on bottom-up energy systems modeling of the Swedish energy system. All energy sectors (including transport) are represented in the model, and competition for scarce resources, such as biomass, over sector boundaries are captured. The study applies an explorative modeling approach and system effects and interdependencies of studied factors are investigated through a systematic, multiple model run assessment enabling an analysis identifying robust solutions.
While energy systems models of the type used in the present study have many capabilities, there are also shortcomings, which should be considered in the interpretation of the model results. A partial equilibrium approach is applied and only direct costs are taken into consideration. This means that effects on the macroeconomic level are essentially not captured (although end-use demand price elasticity is included). For example, a higher use of domestically produced biofuels rather than imported oil-based fuels could have potential macro-economic impacts. Such development could imply effects on, e.g., job creation, and in such way lower the national societal costs associated with these solutions. The (direct) cost optimization also means that different types of intangible values which may influence technology choice are not captured and that new technologies only compete on the basis of cost. This could work in both ways in terms of the timing of introduction of new technologies in the results; neither "early adopters" nor "laggards" are represented. However, when system cost savings are achieved, technological change occurs instantly and system inertia is in this sense low compared to reality. Related to this is also the fact that the model does not take market issues such as asymmetric information or financing problems into account. While the perfect foresight feature of the model implies that uncertainty linked to future developments is not captured, the approach of using a large set of scenarios in the analysis to some extent addresses this.
The model results suggest that integrated biofuel production can be a cost-efficient option for meeting of stringent CO 2 constraints. Under the assumed conditions, such technology solutions increase system efficiency, lower the production cost of biofuels and the overall system cost. Integrated alternatives are chosen over stand-alone options under all modeled conditions, including large transitions in the electricity system and different levels of biomass supply. However, while the direction of the impact is clear, the magnitude of the effect differs from comparably large effect in some cases to small effects in other cases. Among the tested system-integration alternatives, biofuel production through black liquor gasification shows high cost-competitiveness under the assumed conditions. In the long run (2050), cases with heat integration (HEATINT-YES) show 3e22% lower CO 2 marginal reduction cost than corresponding cases without heat integration possibilities. Corresponding values for black liquor gasification cases (BLG-YES) are 5e31% (Fig. 7 ). Although on another system level (plant level), similar results showing potentials for increased efficiency from a cost-and/or energy perspective of integrated biofuel production compared to stand-alone options have been presented by, e.g., Refs. [1, 25] .
The CO 2 shadow prices generated by the model suggest that significant penalties (e.g., taxes) on fossil fuels are required to achieve CO 2 reductions of 80% by 2050 (compared to the 1990 emission level). Compared to current CO 2 prices in the EU emission trading system, the long-run CO 2 prices in the model results are exceptionally high. However, since the marginal reduction costs here are determined by reductions in the transport sector (while, e.g., the electricity sector is completely fossil free), a more relevant comparison is with current taxes in this sector. Today, the gasoline taxes in Sweden are about 0.65 EUR/liter (5.85 SEK/liter) [32] (including CO 2 and energy tax but excluding value added tax). Under the assumed conditions, the results suggest that these levels in the long run needs to at least be doubled while keeping biofuels tax exempt if the modeled emission reductions and technology transition should occur. Considering the low system inertia of the modeled system, the real required levels may be even higher. Note, however, that several other sectors than transport show lower marginal CO 2 reduction costs. Long run CO 2 shadow prices of the current study are largely in a similar region as levels presented in several studies with comparable modeling approaches on European level (see, e.g., Refs. [3, 4] ).
Interactions linked to biomass utilization differ depending on time horizon. In the medium term (2035), heat/industry integration of biofuel production has a positive impact on the cost-efficient amount of biofuels in the transport sector as well as on the total bioenergy use in the energy system. Electricity-system transitions that have a positive effect on bio-based power generation, such as an increased possibility of electricity export or a phase-out of nuclear power, have a negative impact on transport biofuel production due to effects on biomass markets. The effect on bio-based power production of integrated biofuel production differs between cases, but is generally negative as potentials for power generation in CHP plants decrease as a larger share of the heat demand is met by excess heat from transport fuel production. In the long term (2050), the dynamics of the system change. The stringent CO 2 constraint allows smaller flexibility in the system, and the effects from factor variations on biofuel use and total bioenergy use becomes more limited. In the transport sector, biofuel is the only lowcarbon option besides electricity (and reductions in distance traveled) in the model. Since electricity at the end of the period basically is used to its defined maximum capacity in the transport sector, biofuels are forced into the system in an amount to a large degree given by the stringency of the CO 2 constraint. At this point, the amount of biomass available for energy purposes is almost fully utilized, which means that the bioenergy supply is the main decisive factor for total bioenergy use. Thus, possibilities to increase supply, e.g., through biomass import, have a direct impact on bioenergy use, but other factor variations have a small impact.
The results show that different availability of integration options can have a significant impact on which biofuel that shows the best cost-competitiveness. Regarding second-generation biofuels, SNG is chosen to a comparably large extent in all cases. In cases with only stand-alone second-generation biofuel plant configurations available (HEATINT-NO, BLG-NO), SNG gets a dominating position. Due to its high production efficiency, SNG is an advantageous option despite comparably high distribution and vehicle costs. However, when black liquor gasification is available (BLG-YES), this option is utilized for methanol production. Benefits of methanol include low costs in distribution and end-use compared to gaseous fuels. Note that SNG production based on black liquor gasification is not an option in the model due to low methane content in the syngas (for the black liquor gasification technology here considered). Heat integration cases (HEATINT-YES) have primarily a positive impact on ethanol production, for which available polygeneration plant configurations show high efficiency.
It should be noted that there are still no large-scale commercial second-generation biofuel production plants available and assumed technology costs are linked to uncertainty. This also relates to the relative cost differences between different types of conversion routes, such as thermochemical (gasification-based fuels) and biochemical (ethanol) routes. Compared to studies applying earlier versions of the MARKAL_Sweden model (e.g., Ref. [7] ), investment costs for second-generation biofuel production have in the current study been adjusted upwards in line with recent estimates (see references given in Table 4 ). The main effect of this is that investments occur later in the studied time horizon. As mentioned above, lack of alternative options in the transport sector will in the long run (under stringent CO 2 constraints) push biofuels into the transport sector regardless of cost. However, availability of other, non-biomass based, low-carbon transport options, currently not represented in the model, could alter this result. Such options could include hydrogen from electrolysis, other electrofuels, and increased possibilities of direct use of electricity in the transport sector, e.g., through electrified roads supplying heavy-duty longhaul transport. Investigations into the potentials of such options can be relevant future research directions.
Biomass prices can under stringent CO 2 constraints be expected to increase significantly from current levels. Use of integrated biofuel production, with higher system efficiency, can to some extent dampen such increase. If higher biomass supply than what is assumed in the present study is possible, this could also keep prices down. From a national perspective, biomass import is one option to increase supply. However, not all nations can rely on biomass imports if significant CO 2 emission cuts should be achieved globally. From this perspective it is highly questionable that a biomass-rich country like Sweden in the future could depend on large net imports of bioenergy.
